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THE Himalaya Mountains are the abode of the largest number of glaciers outside the polar regions. These glaciers are the major source of many perennial river systems, including the Ganga, Indus and Brahmaputra 1 . These rivers play a critical role in meeting the demands of water, irrigation and hydropower 1, 2 . Gangotri glacier is one of the most well-studied glaciers in India and is the largest glacier in the Garhwal Himalaya 3 . Studies of the Gangotri glacier have been conducted for analyses of glacier retreat [2] [3] [4] [5] , glacier dynamics 4, 6 , geomorphology, etc. However, very few studies have been presented on temporal variation in snow-meteorological parameters in the region 7 . Snow-meteorological parameters, e.g. air temperature, snowfall, snow cover thickness, wind, incoming shortwave radiation, etc. in the region have an impact on dynamics of the Gangotri glacier. The present communication reports the temporal variation of these snowmeteorological parameters in the region during different seasons using data of a little more than a decade.
Snow and meteorological parameters have been recorded manually at 'Bhojbasa' observation station (30565.59N, 79426.41E, ~3900 m amsl) about 5 km north-west from the Gangotri glacier snout named as 'Gaumukh' (Figure 1 ). Though the station is some distance away from the Gangotri glacier, it gives a fairly good idea about the snow and meteorological conditions in the region. At the observatory, the snow-meteorological parameters such as maximum temperature, minimum temperature, snowfall, snow cover thickness and wind speed are manually recorded daily throughout the year. These parameters for the period 2000-2012 have been analysed in the present study. Other parameters like incoming shortwave radiation, reflected shortwave radiation, etc. are recorded hourly using an Automatic Weather Station (AWS) at the same location and analysed for two years -2012 and 2013.
The entire year was divided into four seasons, viz. winter (December, January, February), pre-monsoon (March, April, May), monsoon (June, July, August, September), and post-monsoon (October, November) 8, 9 . Monthly and seasonal averages for the parameters -maximum temperature, minimum temperature and snowfall were calculated from the data collected daily at the field observatory 10 . Total monthly snowfall was calculated by adding the daily fresh snowfall records. Monthly and seasonal averages of the incoming shortwave radiation flux and reflected shortwave radiation flux were calculated using hourly AWS data. Total seasonal and yearly atmospheric transmissivity was also estimated in the region. Incoming radiation at the top of the atmosphere at the observation location was calculated using solar zenith angle, mean Earth-Sun distance and solar constant 11 . Solar zenith angle for each hour during 2012 and 2013 was estimated using digital elevation model of the region and ERDAS IMAGINE 9.3 software. Atmospheric transmissivity was calculated by estimating the ratio of observed incoming shortwave radiation at the observation location to incoming shortwave radiation at the top of the atmosphere.
Although we do not have long-term data (more than 30 years) to deduce climatic trends in the region, we have observed and analysed temperature and snowfall pattern during the last one decade.
Figure 2 a and b shows the temporal variation of yearly mean of maximum and minimum temperatures respectively in the study region. Maximum temperature varies from 9.8C to 12C with mean value of 11.1  0.7C. The year 2004 is observed to be the warmest during the last decade. In seasonal variation of maximum temperature, monsoon season has the highest temperature with mean value of 17.1  0.8C followed by post-monsoon and premonsoon seasons with mean value of 11.3  1.0C and 12.2  1.4C respectively. As is obvious, maximum temperature for winter season is the lowest with mean value of 3.0  1.0C. Minimum temperature varies from -1.5 to -2.9C with mean value of -2.3  0.4C. Mean value of minimum temperature for winter, pre-monsoon, monsoon and post-monsoon seasons is -10.4  1.3C, -3.2  0.8C, 5.0  0.4C and -3.6  0.9C respectively.
Highest values of maximum and minimum temperatures are observed for monsoon season as incoming solar radiation is observed to be highest during this season. High temperatures may cause higher melting rate of the glaciers in the region during this particular season. During winter season, incoming shortwave radiation flux is low and reflected shortwave radiation flux is high compared to the other seasons. This results in lower absorption of shortwave radiation flux at the surface and consequently low temperatures are obtained during this season.
During winter, snowfall in the region is mainly due to western disturbances (WDs). WDs are cyclonic storms associated with the mid-latitude subtropical westerly jet and are important synoptic weather systems producing extreme precipitation over northern India 12 . Most of the annual snowfall received at the location is due to WDs. of 38 snowfall events is observed for 2002, resulting in highest snowfall during that year. Annual variation in snowfall in the present study location is mainly due to annual variation in the frequency and strength of the WDs, and their interaction with local topography. Strong WDs dissipate higher snowfall in the region compared to weak WDs. Dimri 13 observed the connection between winter precipitation due to WDs in northwest India and large-scale global forcing of El Niño Southern Oscillation (ENSO). He has reported a significant correlation between the two, indicating increased precipitation over northwest India during warm phases of ENSO and decreased precipitation during cold phases of ENSO. Years with least snowfall are observed to be comparatively warmer. Figure 4 shows temporal variation in snow cover thickness at the observation location. Yearly cycle in snow cover thickness can be seen from the figure. Snow cover starts building up from November with the approach of WDs in the region and achieves maximum thickness during February/March. From then onwards, snow cover starts depleting due to rise in temperature and by June snow cover ablates completely. This cycle repeats every year; however the thickness varies from year to year depending upon the number of snowfall events (or the number of WD events), amount of snowfall (high snowfall during strong WDs and less snowfall during weak WDs), wind and radiation pattern, etc. Annual mean wind speed in the region varies from 3.3 to 6.5 km/h, and 13 years' mean is 4.7  0.8 km/h. Wind speed is observed to be high during winter season compared to monsoon. Mean annual values of cloud amount, which is observed daily at 08.30 and 17.30 h at the observation location, varies from 2.1 to 4.1 octa. Cloud cover plays an important role by blocking the transmission of incoming shortwave radiation flux from top of the atmosphere to the surface. Figure 5 shows temporal variation in incoming shortwave radiation flux at the surface, incoming shortwave radiation flux at the top of the atmosphere above the observation location, and total atmospheric transmissivity Atmospheric transmissivity depends on many factors, e.g. aerosols, atmospheric gases, water vapour, clouds, solar zenith angle, etc. Monthly variation in atmospheric transmissivity at the observation location is mainly due to variation in cloud cover during different months.
Atmospheric transmissivity during post-monsoon and pre-monsoon seasons is comparatively higher, probably due to less amount of cloud cover during these seasons. Although incoming shortwave radiation flux at the top of the atmosphere and at the surface are observed to be maximum during monsoon season, high absorption/ reflection of shortwave radiation flux in the atmosphere due to cloud cover results in low atmospheric transmissivity during the monsoon season. High cloud cover during this season may also contribute to high attenuation of shortwave radiation flux in the atmosphere.
Mean monthly reflected shortwave radiation flux varies from 16 Wm -2 for September 2013 to 85 Wm -2 for February 2013. Yearly mean of reflected shortwave radiation flux is 39  18 Wm -2 . Reflected shortwave radiation flux for winter is higher compared to other seasons, as the surface is covered with snow during winter. AWS at the observation location is installed on bare ground and during seasons other than winter reflected shortwave radiation flux is observed for soil surface. Seasonal mean albedo at the observation location varies from 0.2 during monsoon season to 0.6 during winter, and yearly mean albedo is observed to be 0.3. On the ice surface of the Gangotri glacier, the albedo will be higher compared to the observation location for all the seasons.
In the present communication, we have analysed data of 13 years from 2000 to 2012. Although we do not have long-term data (~ 30 years) to deduce the climatic trends, patterns in the snow-meteorological parameters during the past 13 years have been analysed. Analyses of maximum and minimum temperature data reveal a warming trend of 0.9 and 0.05C/decade respectively. A decreasing trend in the annual snowfall of 37 cm has been observed during the decade. The meteorological trends obtained have been tested for statistical significance using Mann-Kendall and Spearman t-test. The latter test reveals that the trends are statistically non-significant within 95% confidence limit while the former test shows no trends in the time series of the data. The increasing temperature trends and decreasing snowfall trends have also been observed at various observation locations of the Western Himalaya, and many researchers have reported these trends in the past [14] [15] [16] . Table 1 shows the trends in maximum temperature, minimum temperature and snowfall at a few observation stations of Pir Panjal and Great Himalayan ranges of the Western Himalaya. Gusain et al. 15 have provided details of temperature and snowfall for 37 observation stations in the Western Himalaya and reported that most of the stations in Pir Panjal, Shamshabari and Great Himalayan range have increasing temperature and decreasing snowfall trends. The temperature and snowfall patterns observed during the past 13 years at the present study location (Bhojbasa in Gangotri Glacier region) are indicative that trends in Central Himalaya may The present communication analyses the annual and seasonal variation of various snow and meteorological parameters recorded at Bhojbasa observation station in the Gangotri glacier region. Annual mean of maximum temperature, minimum temperature, snowfall and wind are observed to be 11.1  0.7C, -2.3  0.4C, 257.5  81.6 cm and 4.7  0.8 km/h respectively. The region is observed to be more windy during WDs compared to monsoon period. Annual variation has been observed in snowfall, and at the location of this study it depends on the frequency and strength of WDs and their interaction with local topography. Large temporal variation is observed in snow cover thickness; maximum snow cover thickness varies from 42 to 205 cm during different years. Annual mean incoming shortwave radiation flux at the top of atmosphere and the surface is 366 and 136 Wm -2 respectively. Total atmospheric transmissivity has been estimated from incoming shortwave radiation flux at the top of the atmosphere and at the surface. Mean atmospheric transmissivity is 0.37. Monthly variation in transmissivity is mainly due to variation in cloud cover. Mean albedo at the observation location during winter season is high compared to other seasons. Albedo values for the glacier surface will be higher compared to the observation location. Temperature in the region shows increasing trend and snowfall shows decreasing trend. Maximum temperature and minimum temperature reveal an increase of 0.9C and 0.05C respectively, during past decade. Annual snowfall amount reveals a decrease of 37 cm during the decade. These snow-meteorological parameters have a significant bearing on glacier accumulation/ablation pattern, and will influence glacier retreat and advancement. Seasonal variation of these parameters will lead to variation in glacier dynamics during the seasons.
